Evolutionary ecologists frequently argue that parasite defence is costly because 30 resources must be reallocated from other life-history traits to fuel the immune 31 response. However, this hypothesis is rarely explicitly tested. An alternative 32 possibility is that immune responses impair an organism's ability to acquire the 33 resources it needs to support metabolism. Here we disentangle these opposing 34 hypotheses for why the activation costs of parasite resistance arise. 35
2.
We studied fecundity costs associated with immune stimulation in Drosophila 36 melanogaster. Then, by measuring correlated changes in metabolic rate, food 37 consumption and body weight, we assessed whether responses were consistent with 38 immunity costs originating from altered resource allocation or from impaired resource 39 acquisition. 40
3.
Microbial injection resulted in a 45% fecundity decrease; it also triggered a mean 41 decline in metabolic rate of 6% and a mean reduction in food intake of 31%, body 42 weight was unaffected. Metabolic rate down-regulation was greater in males than in 43 females, whereas declines in food ingestion were of similar magnitude in both sexes. 44
These physiological shifts did not depend on whether microbial challenges were alive 45 or dead, thus they resulted from immune system activation not pathogenesis. 46
4.
These costs of immune activation are significant for individuals that successfully 47 resist infection and might also occur in other situations when immune responses are 48 upregulated without infection. 49
5.
Whilst we found significant activation costs of resistance, our data provide no 50 compelling evidence for the popularly argued hypothesis that immune deployment is 51 costly because of reallocation of energetic resources to the immune system. Instead, 52 reduction in resource acquisition due to 'infection-induced anorexia' may be the 53 principal driver of metabolic changes and fecundity costs resulting from immune 54 response activation. 55
Introduction 64 65
Immune responses are generally considered to be costly: a fact that is central to many 66 fundamental concepts in evolutionary ecology, such as sexual selection (Hamilton & Zuk 67 1982) , the maintenance of genetic variation for parasite resistance (Flor 1956 ) and host-68 parasite coevolution (Haldane 1949 ). These costs of immunity can be divided into two broad 69 In this study we use a fungus (Beauveria bassiana) and a bacterium (Escherichia 146 coli) to trigger either Toll-dependent or IMD-dependent immune responses. First we assess 147 the magnitude of fecundity costs associated with these immune defences. Then we study 148 how the resource budget of flies alters during immune system deployment by quantifying 149 correlated changes in metabolic rate, food intake and body mass. We use these measures 150 to dissect the importance of altered resource allocation and resource acquisition in mediating 151 fecundity declines. We predicted that if immune activation costs are principally due to 152 resource reallocation, then either there would be no change in overall metabolic rate (if 153 resources are withdrawn from non-essential traits and perfectly reallocated to immunity), or 154 alternatively metabolic rate might go up if resources are reallocated from stored reserves to 155 be spent on immune function. However, if compromised energy acquisition underpins 156 immune costs, immune activation should be accompanied by reduced feeding rate and 157 potentially a decline in other metabolic-related traits. 158 159 160
Materials and Methods 161 162

FLY STOCKS AND REARING 163
The wildtype genotype Samarkand (from Bloomington Stock Centre) was used throughout. 164 production with an infrared gas analyser (IRGA: EGM-4, PP Systems). Day one 208 measurements were made on 5 day old male and female flies 16-18 h after immune 209 treatment; further measurements were made at 24 h intervals. Flies were housed in a plastic 210 chamber connected in a circuit to an IRGA with tubing (total system volume 40.5 cm 3 ). Air 211 circulated within this sealed system and CO 2 accumulation was measured. In each assay the 212 metabolic rate of a group of 10 flies was measured at 25 °C over 5 min, recording CO 2 every 213 1.6 seconds; data from the first 2 min whilst flies settled were discarded. Measurements on 214 each 10-fly group were repeated on three or four consecutive days. CO 2 efflux per minute 215 was calculated by linear regression, then converted to nmole CO 2 min -1 fly -1 using knowledge 216 of the apparatus volume. 
EFFECT OF IMMUNE CHALLENGE ON FLY BODY MASS 236
Flies were divided into 120 single-sex 10-fly groups when 3 days old and weighed whilst 237 anaesthetised on a PI 225D balance (Denver Instruments) reading to 0.01 mg. The next day 238 each group received one of three injection treatments: injection control, dead fungal spores 239 or dead bacteria. On the three subsequent days each group was reweighed; flies that died or 240 escaped were recorded and each weight was converted to a per-fly mass. Flies were 241 maintained on Lewis medium throughout. 242
243
STATISTICAL ANALYSIS 244
All analyses were conducted in R version 2.15.1 (R Development Core Team 2013); linear 245 mixed effects models were executed using lmer from the lme4 package (Bates, Meachler & 246 Bolker 2013). Our principal aim was to assess the impact of the six immune challenge 247 treatments on fly life-history traits. Data from the six treatments were progressively pooled by 248 a systematic process to produce minimally complex models that adequately explained trait 249 variation. We concluded that the treatment differences were important if the more complex 250 model had improved explanatory power (see below). The impact of breaching the cuticle 251 was tested by pooling data from the gas control and injection control treatments. We tested 252 whether trait variation was due to pathogenesis or immune activity by pooling data from live 253 and dead microbial treatments, and we tested if microbial identity influenced immune costs 254 by pooling bacterial and fungal treatments. Finally, tests for a general effect of immune 255 stimulation compared control groups to data pooled from across all microbial injected flies. 256
For analyses involving repeated measures on vials of flies over successive days the 257 term 'vial' was included as a random effect, whilst temporal changes were assessed using 258 the fixed effect of 'day' and its two-way interaction with treatment. With the exception of 259 fecundity studies, models also included fly 'gender' and a 'gender by treatment' interaction. 260
When analysing metabolic rate data, models contained an additional random effect of 261 'block', accounting for variation between the seven blocks over which the investigation was 262 conducted. We also tested the impact of time of day and the air CO 2 concentration when 263 each metabolic rate measurement was made. Finally, for investigations of variation in food 264 ingestion after immune challenge, 'vial' was used as a random effect to associate the two 265 five-fly batches from each vial. The number of flies in assay vials for fecundity, metabolic 266 rate and body weight experiments varied slightly due to escapes; in each case we tested 267 whether fly number influenced the trait measured. 268
All models employed Gaussian errors. Models were serially simplified by eliminating 269 terms for which inclusion did not enhance model explanatory power by 2 AIC units. 270
Likelihood-ratio tests comparing models with and without the term of interest were used to 271 
IMMUNE ACTIVATION DECREASED THE METABOLIC RATE OF D. MELANOGASTER 300
To investigate the effects of immune upregulation on metabolic rate 4100 flies in single-sex 301 groups of 10 were subjected to metabolic rate measurements after immune challenge or 302 control treatment. The metabolic rate of immune activated flies was 6% lower than control 303 flies (Fig. 2) : a highly significant decline (χ 
0.427). 314
The CO 2 levels in the laboratory fluctuated naturally during the study; higher CO 2 315 concentrations at the start of an assay were associated with slightly lower metabolic rates 316 
IMMUNE ACTIVATION REDUCED THE FOOD INTAKE OF D. MELANOGASTER 329
We measured food intake by assessing pigment uptake into the gut from coloured food. 
IMMUNE ACTIVATION DID NOT AFFECT BODY MASS IN D. MELANOGASTER 342
Experiments testing the impact of immune activation on fly body weight assessed mass for 343 10-fly groups of males (n = 64) and females (n = 62). In this case we only compared injection 344 control, dead bacteria and dead fungal spore treatments. Flies were weighed the day before 345 immune challenge and for three days afterwards. Female flies gained 7.6% weight during 346 the experiment, whereas male flies lost 3.9% weight ( Fig. 6 ; sex by day interaction (χ 2 1 = 347 327.97, P < 2.2 x 10 -16 ). However, considering just the post-injection data, the immune 348 treatments had no effect on absolute weight, nor on the temporal pattern of weight change 349 for either sex (treatment effect, males χ In this study we investigated the validity of the hypothesis that the costs of defending against 358 parasites arise because resources normally invested in other physiological processes must 359 be diverted to fuel the demands of the immune response. We demonstrated clear immune 360 system costs in female flies, which suffered a sustained 45% reduction in fecundity across 361 the three days following immune challenge. However, our findings challenge the common 362 notion that this fecundity decline results from reallocation of resources to immunity. 363
We studied the three corners of the energy budget triangle: the rate at which energy 364 is used (metabolic rate), the rate at which energy is acquired (feeding) and the dynamics of 365 resource accumulation (body weight). We predicted that if mounting an immune response 366 requires mobilisation of additional stored resources then fly metabolic rate would increase 367 during immune system activity. Instead, metabolic rate fell by an average of 6% and 368 remained low up to four days after immune challenge. If resource expenditure were perfectly 369 reallocated from fecundity to immunity then this need not require an overall increase in 370 metabolic rate. However, at the same time, resource acquisition fell dramatically: flies 371 entered an anorexic state after immune challenge, with feeding rate falling by an average of 372 31%. Against this backdrop of depressed physiological activity we detected no effect of 373 immune stimulation on body weight, providing no evidence that metabolism during immune 374 activation depletes stored reserves. Nevertheless, flies are 70% water (Burr & Hunter 1969 ) 375 and may gain water and loose fat during lethal pathogenic infections (Arnold, Johnson & 376 White 2013). We cannot rule out that similar alterations could have occurred due to immune 377 activation by dead microbes in our experiments, potentially confusing detailed interpretation 378 of total body weight trends. 379
The most parsimonious explanation of our findings is that reduced food ingestion in 380 response to immune challenge restricts resource availability, resulting in depressed 381 metabolic rate and limited fecundity. Therefore, fecundity costs associated with immune 382 stimulation are probably not because the immune response requires increased energy 383 expenditure, but because anorexia induced by the immune system reduces acquisition of 384 resources that are normally required for egg production. This interpretation is supported by 385 comparison of physiological changes in males and females. The reduction in metabolic rate 386 was significantly greater in males than females, whereas feeding reductions were similar in 387 both sexes. We hypothesise that females mobilised energetic resources by resorbing eggs 388 from the ovarioles, as has been shown in both Drosophila and mosquitoes suffering 389 may provide females with additional energetic reserves, not available to males, which 391 support metabolism when food acquisition is restricted during immune responses. We note 392 that this is a form of resource reallocation, but emphasise our conclusion that immune 393 activation costs originate from reduced food intake; if egg resorption occurs in this manner, it 394 only partially ameliorates some of these costs. 395
Our experiments only measured food intake for 1 day post-immune challenge, 396 whereas other traits were measured for three days. This was because the assay involved 397 sacrificing flies to measure food ingestion. This limits our understanding of how feeding 398 behaviour is affected by immune challenge beyond 24 hours. However, immune response-399 dependent trends in fecundity, metabolic rate, and food intake established rapidly during the 400 first day post-challenge, and at least for fecundity and metabolic rate did not reverse by day 401
three. 402
If infection-induced anorexia is a key driver of the fecundity costs associated with 403 immune upregulation, this questions why the anorexic response exists. This phenomenon is 404 phylogenetically conserved, which perhaps points to a fundamental function and a variety of 405 adaptive benefits has been proposed (Exton 1997) . Experiments in insects suggest anorexia 406 can enhance survival during pathogen attack (Ayres & Schneider 2009 ) and may function to 407 mediate conflicts between processing food and immune activity (Adamo et al. 2010) . 408
One mechanistic factor shaping these immune-induced metabolic shifts is that some 409 immune system molecular pathways have pleiotropic roles in other physiological processes. immune system upregulation may be a major cost of copulation that could generate selective 467 forces governing the evolution of polyandry and female willingness to mate. 468
The sizeable nature of this immune response-induced fecundity cost has an 469 important applied dimension. Entomopathogenic fungi, such as B. bassiana which we used 470 here, are currently being trialled for control of the mosquito vectors of human pathogens, 471 such as the malaria parasite Plasmodium. Unlike the problems associated with the rapid 472 evolution of resistance to chemical insecticides in vector populations, these biopesticides 473 However, immune challenge with dead bacteria (DB) or dead fungi (DF) did not influence 535 this temporal pattern compared to controls. 120 independent 10-fly groups were repeatedly 536 weighed; points show means ± 2 x the mean standard error. 537 538
